Bin/amphipysin/Rvs (BAR)-domain proteins sculpt cellular membranes and have key roles in processes such as endocytosis, cell motility and morphogenesis. BAR domains are divided into three subfamilies: BAR-and F-BAR-domain proteins generate positive membrane curvature and stabilize cellular invaginations, whereas I-BAR-domain proteins induce negative curvature and stabilize protrusions. We show that a previously uncharacterized member of the I-BAR subfamily, Pinkbar, is specifically expressed in intestinal epithelial cells, where it localizes to Rab13-positive vesicles and to the plasma membrane at intercellular junctions. Notably, the BAR domain of Pinkbar does not induce membrane tubulation but promotes the formation of planar membrane sheets. Structural and mutagenesis analyses reveal that the BAR domain of Pinkbar has a relatively flat lipid-binding interface and that it assembles into sheet-like oligomers in crystals and in solution, which may explain its unique membrane-deforming activity.
a r t i c l e s
The dynamic deformation of cellular membranes is essential for many physiological processes, including cell morphogenesis, motility, cytokinesis, endocytosis and secretion 1, 2 . An important group of membrane-deforming proteins is the BAR domain family 3, 4 . The BAR domain is an antiparallel all-helical dimer, with a curved (bananalike) shape that promotes membrane tubulation 5, 6 . The BAR domain binds cellular membranes through its positively charged concave surface and thus induces positive membrane curvature 6 . Members of the related F-BAR family were characterized independently [6] [7] [8] [9] . However, the structural relationship with the BAR domain emerged only after determination of the first F-BAR domain structures, revealing a similar banana-shaped fold, albeit longer and less curved than that of the BAR domain 10, 11 . With one exception 12 , the proteins containing the BAR or F-BAR domain that have been characterized thus far are involved in the formation of positive membrane curvature, and most are implicated in endocytosis 3 . Recently, a cryo-EM study revealed that membrane tubulation results from the cooperative action of many F-BAR domains, which oligomerize to form helical coats on membranes 13 .
Structural studies have also identified a third class of BAR domain, named the I-BAR domain because of its inverted curvature 14, 15 . Sequence analysis has identified five I-BAR domain-containing proteins in vertebrates: MIM, IRSp53, ABBA, IRTKS and Pinkbar. These proteins have different isoforms, but they all contain an N-terminal I-BAR domain. Most have an additional C-terminal WH2 domain, which-at least in MIM, ABBA and IRSp53-binds G-actin [15] [16] [17] [18] . Their central region is more variable and is characterized by the presence of protein-protein interaction modules, which link these proteins to the actin cytoskeleton and signaling molecules 19 .
All the I-BAR domains characterized thus far induce formation of plasma membrane protrusions when expressed in cells, and generate negative membrane curvature in vitro by binding to the inner leaflet of membrane tubules through their convex lipid-binding interface [20] [21] [22] . I-BAR domains bind phosphoinositide-rich membranes, mainly through electrostatic interactions, and induce phosphoinositide clustering in vitro. The I-BAR domains of MIM and ABBA additionally insert an amphipathic helix into the membrane. This increases the diameter of the membrane tubules that they generate and may sense lipid-packing defects in the bilayer 22, 23 . Cellular and genetic studies suggest that I-BAR domain-containing proteins function at the interface between the actin cytoskeleton and the plasma membrane to promote the formation of membrane protrusions during cell morphogenesis and migration 18, [24] [25] [26] [27] [28] [29] [30] [31] .
Here, we report that the previously uncharacterized I-BAR domain protein that we have named Pinkbar (for planar intestinal-and kidney-specific BAR domain protein) is expressed predominantly in intestinal and kidney epithelial cells, where it localizes to Rab13-positive vesicles and to the plasma membrane at intercellular junctions. Our results suggest that the BAR domain of Pinkbar is unique in that it does not induce membrane protrusions or invaginations and instead promotes the formation of planar membrane sheets. The crystal structure of this domain combined with mutagenesis and biochemical analyses suggest a molecular mechanism for the previously undescribed membrane-deforming activity of Pinkbar.
RESULTS

Pinkbar is expressed in intestine and kidney epithelial cells
I-BAR domain-containing proteins can be divided into three evolutionarily distinct classes: the MIM/ABBA class, the IRSp53/IRTKS class and a class consisting of the previously uncharacterized protein Pinkbar (Supplementary Fig. 1a) . Generally, proteins of the first two classes are ubiquitously expressed 16, 18, 19, 27 . In contrast, our in situ hybridization analysis of mouse tissues revealed that expression of Pinkbar mRNA is restricted to the epithelial layer of the intestine and to specific regions of the kidney (Supplementary Fig. 1b,c) . This tissue-specific expression of Pinkbar mRNA is also consistent with the findings of the Affymetrix database (http://biogps.gnf.org/, gene ID 207495) 32 . Immunohistochemical analysis using a specific antibody confirmed that the Pinkbar protein was also detectable in the epithelial layer of the human intestine (Supplementary Fig. 1d) .
Among several cell lines tested, we detected Pinkbar protein only in human epithelial colorectal adenocarcinoma cells (Caco-2), which are morphologically and functionally similar to intestinal enterocytes 33 . The expression level of Pinkbar was strongly increased when cells were polarized on filters (Supplementary Fig. 1e ). Immunofluorescence microscopy revealed that, in polarized Caco-2 cells and in the epithelial cells of intestine sections, Pinkbar showed punctuate localization close to cell-cell contacts. Occasionally, Pinkbar also localized to tight junctions ( Supplementary Fig. 2a,b) .
Immuno-electron microscopy (immuno-EM) and cell fractionation assays revealed that, in polarized Caco-2 cells, endogenous Pinkbar protein localized to intracellular vesicles and to relatively flat membrane surfaces at intercellular junctions of the apical half of the cell (Fig. 1a-d) . Experiments using several wild-type Rab GTPases revealed that Pinkbar labeled with the red fluorescent protein mCherry specifically colocalized with Rab13 at tubular and punctuate cytoplasmic structures in nonpolarized and polarized Caco-2 cells, respectively (Supplementary Fig. 2c) . Notably, many endogenous punctuate Pinkbar structures also colocalize with Rab13 in Caco-2 cells (Fig. 1e) . Thus, Pinkbar localizes to Rab13-positive vesicles and to the plasma membrane at intercellular contacts in intestinal epithelial cells.
The BAR domain of Pinkbar stabilizes planar membrane sheets
Like other I-BAR domains 22 , the BAR domain of Pinkbar induced strong concentration-dependent quenching of BODIPY-TMR-PI(4,5)P 2 fluorescence, indicating that the BAR domain interacts with phosphoinositide-rich membranes and binds to phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) headgroups in a multivalent manner (Supplementary Fig. 3a) . A subset of BAR and I-BAR domains also inserts an amphipathic helix into the membrane, as detected, among other methods, by an increase in steady-state diphenylhexatriene (DPH) anisotropy 22, 34 . Likewise, the binding of the BAR domain of Pinkbar to PI(4,5)P 2 -containing membranes induced a significant increase in DPH anisotropy, suggesting that the fluidity of the membrane is decreased as a result of the insertion of this domain into the acyl chain region of the bilayer (Supplementary Fig. 3b ). DPH anisotropy also suggested that the BAR domain of Pinkbar does not have substantial phosphoinositide specificity ( Supplementary Fig. 4a ). Deletion of nine N-terminal residues from the domain diminished the effects in DPH anisotrophy ( Supplementary Fig. 4b ). Experiments on a mutant BAR domain containing only a single tryptophan residue at position 9 (Y9W W141L W216L) showed that phosphatidylcholines brominated along the acyl chains at positions 6,7 or 9,10 did not substantially affect the tryptophan fluorescence, whereas bromination at positions 11,12 induced marked quenching of the fluorescence (Supplementary Fig. 4c ). Thus, the mutated residue Trp9 is located near positions 11 and 12 of the acyl chains, corresponding to a distance of approximately 6.3 Å from the center of the bilayer.
In vivo, BAR domains induce either plasma membrane invaginations or protrusions 3 . In contrast, the BAR domain of Pinkbar did not localize to plasma membrane invaginations or filopodia-like protrusions, Fig. 3c ), suggesting that it may have different membrane-deforming properties. Consistent with this idea, EM analysis of PI(4,5)P 2 -containing vesicles incubated with the BAR domain of Pinkbar revealed that it did not induce membrane tubulation but rather promoted the formation of sheet-like membrane structures ( Supplementary Fig. 5a,b) . Electron tomography analysis of these structures revealed piled stacks of membrane sheets (Fig. 2a) . We observed increased electron density in the regions forming flat membrane sheets, whereas highly curved regions of the membrane were depleted of additional density (Fig. 2a) . We interpreted this additional density as resulting from clustering of the BAR domain of Pinkbar, which occurred only in association with the regions of planar membrane structure. Light-microscopy imaging of fluorescently labeled giant unilamellar vesicles (GUVs) mixed with mCherry-fused I-BAR domain suggested that the binding of the BAR domain of Pinkbar to PI(4,5)P 2 -containing vesicles is cooperative, as only 85-90% of the fluorescently labeled GUVs accumulated the domain on their surface. Moreover, vesicles that were heavily decorated with the BAR domain of Pinkbar typically had a nonspherical morphology with relatively flat surfaces (Fig. 2b,c and Supplementary Fig. 5c ). We rarely saw these flat surfaces in vesicles that did not accumulate the BAR domain or in control samples treated with the same buffer (Fig. 2d) . These data suggest that the BAR domain of Pinkbar does not tubulate membranes but induces the formation of planar or gently curved membrane structures.
Crystal structure and oligomerization of the BAR domain of Pinkbar
We determined the crystal structure of the BAR domain of Pinkbar to shed light on its planar membrane-inducing mechanism ( Table 1 and Online Methods). The structure revealed the characteristic elongated I-BAR fold, consisting of an antiparallel dimer of three-helix bundles (Fig. 3a) , featuring on one side a positively charged surface (Fig. 3b) . However, the BAR domain of Pinkbar was noticeably shorter (164 Å) than those of IRSp53 (182 Å) 14 and MIM (185 Å) 15 . Compared to these two proteins, the BAR domain of Pinkbar was also markedly flatter, which seemed to result from the combination of two factors: reduced bending and twisting of the helices as they emerge from the 'core' region where the two subunits of the antiparallel dimer overlap a r t i c l e s (Supplementary Fig. 6 ), and the presence of a downward-projecting bulb at the distal ends of the dimer, which is not observed in MIM or IRSp53 (compare the distal ends of the structures in Fig. 3b) . The BAR domain of Pinkbar formed a planar oligomer in the crystal lattice (Fig. 3c) , which had not been observed in the structures of the I-BAR domains of MIM or IRSp53. The arrangement of the BAR domain in the planar oligomer was reminiscent of the BAR-BAR coats observed by cryo-EM of F-BAR domains 13 , and seems consistent with the formation of sheet-like membrane structures in solution (Fig. 2) . At sites of BAR-BAR contacts, we observed an alternating pattern of negative and positive surface charges (Fig. 3c) , which might contribute toward the formation of the planar oligomer. Additionally, the conspicuously exposed residue Trp141 (missing in other members of the I-BAR family; Supplementary Fig. 6c ) seems to stabilize lateral BAR-BAR interactions in the planar coat formed by the BAR domain of Pinkbar (Fig. 3d) . Tryptophan residues tend to be well conserved and are rarely fully exposed in protein structures; exceptions to this rule typically point to an important function, such as substrate recognition, protein-protein or protein-membrane interactions 35, 36 . In the structure, Trp141 is surrounded by various positively charged residues that in other I-BAR proteins have been implicated in membrane binding 18, 21 . Using light scattering, we determined that in solution the BAR domain of Pinkbar exists in equilibrium between dimers and highermolecular-weight oligomers; however, when Trp141 was mutated to serine, only dimers formed (Supplementary Fig. 7a,b) . This result suggests that Trp141-mediated lateral contacts that help stabilize the planar BAR-BAR coat in the crystal lattice are also implicated in oligomerization of the BAR domain in solution.
Lipid-binding interface of Pinkbar
We carried out systematic mutagenesis to map the phosphoinositidebinding interface of the BAR domain. Because the BAR domain of Pinkbar interacts with PI(4,5)P 2 -rich vesicles through electrostatic interactions (Supplementary Fig. 8a) , we mutated clusters of arginines and lysines to alanines (Supplementary Fig. 8b) . Consistent with earlier work on other I-BAR domains 18, 21 , none of the single mutants completely abolished PI(4,5)P 2 clustering, suggesting that the BAR domain of Pinkbar does not contain a specific PI(4,5)P 2 -binding pocket. Three mutants around Trp141 (K109A K116A, R127A K135A and R145A K146A R147A) had strong effects on PI(4,5)P 2 clustering, whereas the single mutant I124S had an intermediate effect (Fig. 4a) . The impaired lipid-binding activity of the most strongly affected mutant, R145A K146A R147A, was further confirmed by a vesicle coflotation assay (Supplementary Fig. 9 ). All the mutants that affected PI(4,5)P 2 clustering localized to the relatively flat surface of the BAR domain of Pinkbar (Fig. 4b) , corresponding to the convex surface implicated in lipid-binding in classical I-BAR domains 18, 21 . The mutants on the opposite side of BAR domain did not affect PI(4,5)P 2 clustering substantially (Fig. 4a) .
Notably, in the planar oligomer observed in crystal structure (Fig. 3c) , individual BAR domains were oriented such that their membrane-binding interfaces all faced in the same direction (Fig. 4c) . Fig. 6 ) and are thus labeled as α1a-α1b to α3a-α3b (or α1a′-α1b′ to α3a′-α3b′ for the second chain). Fig. 7a,b) . 
Thus, not only was the membrane-binding interface of Pinkbar more flat than those of other I-BAR proteins, but this effect seemed to be further accentuated by oligomerization into a planar oligomer. Supporting this, live-imaging assays revealed that the oligomerization-deficient W141S mutant was considerably less efficient in deforming GUVs than was the wild-type BAR domain of Pinkbar, despite showing no defects in binding to or inducing clustering of PI(4,5)P 2 -rich vesicles ( Fig. 4a and Supplementary Fig. 7c,d ).
DISCUSSION
BAR domain proteins sense and generate membrane curvature, and they therefore are central players in many processes involving plasma membrane protrusions or invaginations. Our investigation of a previously uncharacterized BAR domain protein, which we have named Pinkbar, revealed that this protein is expressed in specialized epithelial cells of the intestine and kidney. In colon sections and in cultured intestinal epithelial cells, Pinkbar localized to vesicles and to the plasma membrane at the cell-cell junctions. Many Pinkbarcontaining vesicles stained positive for the small GTPase Rab13. Similar to Pinkbar, Rab13 is highly expressed in the intestinal epithelial cells, where it promotes tight junction integrity 37, 38 . Because the Pinkbar-containing vesicles show positive membrane curvature and Rab13 vesicles are involved in recycling tight junction components, it seems unlikely that Pinkbar is involved in sculpting the membrane of these structures. Instead, these vesicles may be involved in transporting Pinkbar to cell-cell junctions. Pinkbar also accumulates to the plasma membrane at cell-cell junctions that have a relatively flat geometry. Thus, it is possible that, through its specific membranebinding and -deforming interface, Pinkbar may sense or stabilize specific planar membrane structures at cell-cell junctions. Lending support to this idea, the related I-BAR domain proteins IRSp53 and MIM were shown to contribute to assembly and maintenance of intercellular junctions in other types of epithelial cells 39, 40 . Thus, Pinkbar may be involved in the formation of specific membrane structures at the intercellular junctions of enterocytes that may, for example, regulate the intestinal permeability or nutrient absorption.
The BAR domain of Pinkbar does not induce membrane tubulation in vitro or in cells, but instead deforms phosphoinositide-rich membranes into planar structures. The crystallographic and mutagenesis data suggest a mechanism for this activity. First, the lipid-binding interface of the BAR domain of Pinkbar is markedly less curved than those of other BAR domains characterized thus far, including other members of the I-BAR subfamily 14, 15 that generate membrane tubules 22 . Second, the BAR domain of Pinkbar forms a planar oligomer in the crystal lattice, which seems to also exist in solution.
A previous study 13 suggested that F-BAR domain oligomerization, cooperatively stimulated by interaction with the membrane, mediates the formation of three-dimensional helical coats of F-BAR domains and has a crucial role in the mechanism of membrane deformation. In the case of Pinkbar, the oligomeric state of the BAR domain seems to be more stable, as oligomers can form even in the absence of phospholipid membranes. Notably, the oligomerization-deficient W141S mutant was substantially less efficient in generating planar membrane structures and indentations on GUVs compared to the wild-type BAR domain. Thus, oligomerization may be a general mechanism by which BAR domain-containing proteins deform cellular membranes. We note, however, that the W141S mutant could still generate planar membrane structures in vitro, although less efficiently compared to the wild-type domain. This result is consistent with the proposed mechanism of coat formation of F-BAR domains, in which multiple interactions, including lateral and tip-to-tip contacts, contribute to stabilizing helical F-BAR domain coats on membranes 13 .
The N-terminal α-helix of the BAR domain of Pinkbar inserts into the bilayer. Because amphipathic α-helices can sense and generate positive membrane curvature 1, 2 , this helix in Pinkbar may work together with the slightly negatively curved geometry of the membrane-binding interface of the BAR domain to stabilize flat membrane structures. Similarly, deletion of the N-terminal membrane-inserting α-helix of the I-BAR domain of MIM results in generation of more extensive negative membrane curvature 22 . However, further cryo-EM studies on the BAR domain of Pinkbar will be needed to address the role of membrane insertion and to uncover the exact mechanism of coat formation.
All the members of the canonical BAR-domain family characterized to date have a banana-like fold and bind phospholipid-rich membranes through their concave surfaces to generate positive membrane curvature 3, 6, 41 . Similarly, most F-BAR-domain proteins generate positive membrane curvature and are involved in endocytic processes in cells 3, 8, [42] [43] [44] . A recent study, however, revealed an unexpected functional plasticity in this family, showing that the F-BAR domain of srGAP2 induces negative membrane curvature in vitro a r t i c l e s and plasma membrane protrusions in cells 12 . Here we provide evidence that there is also substantial functional plasticity in the I-BAR-domain family, whose members can either generate negative membrane curvature or stabilize planar membrane sheets, depending on the specific structural properties of their I-BAR domains. To our knowledge, this study represents the first example of a protein domain involved in the stabilization and generation of planar membrane structures.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Accession code. Protein Data Bank: Coordinates for mouse Pinkbar residues 1-220 have been deposited with accession code 3OK8.
